Background Banding of the pulmonary artery to induce left ventricular (LV) hypertrophy followed by arterial switch operation (ASO) within 2 weeks has been performed when a primary ASO was considered high risk because of inadequate LV hypertrophy.
Background Banding of the pulmonary artery to induce left ventricular (LV) hypertrophy followed by arterial switch operation (ASO) within 2 weeks has been performed when a primary ASO was considered high risk because of inadequate LV hypertrophy.
Methods and Results Potential adverse myocardial effects of the two-stage procedure were examined by comparing outcome in 18 patients after a rapid two-stage ASO with 33 patients after a primary ASO. Regional wall motion was assessed. Echocardiographic and noninvasive pressure data were combined to obtain LV dimension, wall thickness, mass, fractional shortening, rate-corrected mean velocity of shortening, and end-systolic wall stress. Afterload-adjusted velocity of shortening was obtained as a load-independent index of contractility. In the two-stage ASO group, the magnitude and rate of hypertrophy after pulmonary artery banding were measured serially. No wall motion abnormalities were seen in either group. Systolic dysfunction due to higher afterload and lower N umerous reports indicate that a primary arterial switch operation (ASO) is preferable to intraatrial baffle repair for correction of transposition of the great arteries (TGA), in part because the incidence of arrhythmias and ventricular dysfunction is lower.1A4 A two-stage ASO consisting of banding of the pulmonary artery to induce left ventricular (LV) hypertrophy followed by ASO after a variable period has been performed when the primary ASO was considered high risk because of subsystemic LV pressure and presumed inadequate LV hypertrophy. LV function has been shown to be better preserved when a primary ASO was performed compared with a two-stage approach when the ASO was delayed beyond infancy." 5 Specific reasons for this difference are unclear, but the duration of the LV preparatory period has been proposed as a possible mechanism.135-14 Preliminary data from our group15 indicated that LV performance early after a two-stage procedure was preserved when the interval between banding of the pulmonary artery and the ASO was shortened to 1 to 2 weeks compared with prior reports in which preparatory banding was continued for 5 months up to several years.5 However, the late myocar-contractility was observed in the two-stage ASO group. Contractility below the limits of normal was seen in 25% of two-stage ASO compared with 3% of primary ASO; however, symptomatic or progressive LV dysfunction was not observed. There was a significant inverse relation between the peak rate of hypertrophy immediately after banding and contractility at late exam. Lower ejection fraction before and early after pulmonary artery banding correlated with depressed contractility on late examination.
Conclusions Myocardial contractility is lower after the twostage ASO than after a primary repair. Severe or progressive dysfunction was not seen. A very high peak rate of hypertrophy and severe LV dysfunction after banding predict a greater reduction in late contractility. (Circulation. 1994; 90:1294 -1303 Key Words * ventricles * systole * hypertrophy e transposition of great vessels * heart defects, congenitalechocardiography dial status after rapid two-stage ASO has not been reported. We present an analysis of the effects of a rapid two-stage ASO on LV mechanics in infants with TGA, comparing the late ventricular performance with that after a primary ASO and examine several factors that might predict late LV systolic function.
Methods

Patient Selection
Two groups of patients were included. Selection criteria for the two-stage ASO group consisted of (1) TGA with intact ventricular septum (or hemodynamically insignificant ventricular septal defect) and low LV pressure, (2) rapid two-stage ASO consisting of banding of the pulmonary artery in infancy with an ASO 1 week to 2 months thereafter, and (3) echocardiographic evaluation of LV mechanics at least 6 months after ASO. A comparison group of patients who had a primary (one-stage) ASO was selected on the basis of the following criteria: (1) TGA with intact ventricular septum or hemodynamically insignificant ventricular septal defect, (2) primary ASO in early infancy during the same time interval as the two-stage ASO group (1986 through 1992), and (3) serial echocardiographic evaluation of LV mechanics with two or more examinations at more than 6 months after the ASO. Case finding was performed by review of the computerized cardiology database at Children's Hospital. All two-stage ASO patients living in the continental United States who had not had an examination within the previous year were contacted and invited to return for echocardiographic evaluation. This study was approved by the Children's Hospital Human Investigation Committee in November 1992. The indirect carotid or axillary pulse tracing, the endocardial border of the ventricular septum, and the endocardial and epicardial borders of the posterior wall of the LV on the M-mode recording were hand-digitized on a custom-programmed microcomputer-based digitizing station by one of the authors. Measurements obtained by averaging data from three cardiac cycles were ventricular short-axis dimensions, LV posterior wall thickness, fractional shortening (FS), mean velocity of circumferential fiber shortening corrected for heart rate (VCFC), LV mass using the equation of Devereux et al, 17 and LV meridional wall stress calculated according to Grossman et a118:
where WS is the wall stress (g/cm2), P is the pressure (mm Hg), D is the internal LV dimension (cm), h is the LV posterior wall thickness (cm), and 1.35 is the conversion factor from mm Hg to g/cm2. End-diastolic dimension was taken as the maximum dimension. End-systolic measurements were determined at the first high-frequency component of the aortic valve closure sound recorded on the phonocardiogram. The end-systolic pressure was obtained by assigning the systolic pressure to the peak and the diastolic pressure to the nadir of the pulse tracing and calculation of intervening values by linear interpolation according to the method of Stefadouros et a119 and Marsh et al.20 The relation between VCFC and LV wall stress at end systole (ESS) has been shown to be a preload-independent and afterload-adjusted index of contractility. 21 In contrast, the relation between FS and ESS is a contractility index that is adjusted for afterload but sensitive to preload. These relations were determined relative to a large population of normal control subjects and expressed as z scores of the distribution in normal subjects as follows. The relation of VCFC to ESS was calculated relative to the distribution of this relation in normal subjects as the stress-velocity index (SVI) defined as the number of SDs from the normal population mean VCFC for the given level of ESS. Thus, an SVI of 0 is the normal mean value, and the normal 95% confidence interval is -2 to 2. The ESS-FS relation was quantified as the stress-shortening index (SSI), which is the number of SDs from the population mean FS for the given ESS. The effect of preload on LV performance is represented by the difference between these two indices and is quantified as the functional preload index (FPI) defined as SSI-SVI.
Statistical Analysis
Values are reported as mean+SD unless otherwise indicated. To adjust for age-and growth-related changes in ventricular mechanics, all echocardiographic variables were expressed as z scores relative to the normal distribution. Normal data for these parameters were determined in 180 normal children 1 week to 10 years old studied in our echocardiographic laboratory following a protocol similar to that for the study population. This normal population has been described in detail.22 For FS, VCFC, wall stress, and contractility, the z score relative to age was used, and for LV dimension, wall thickness, and mass, the z score relative to body surface area (BSA) was used. Z scores indicate the position of each measurement relative to the normal population expressed as SD from the mean, where both the mean and SDs are specific for the age or BSA. In addition, to facilitate comparison with data reported by others, we also report dimension, thickness, and mass adjusted for BSA. Linear measurements (dimension and wall thickness) were 
LV Regional Wall Motion
The number of individual short-and long-axis segments with a regional percent shortening outside the 95% confidence interval was not different from normal in the one-stage ASO group for either the nonnormalized, normalized, or intrasegmental regional wall motion analysis. In the two-stage ASO group, there was a significantly increased number of abnormally functioning segments (30 of 126, 24%, P<.001) on the nonnormalized analysis of regional function. However, this appeared to be related to global dysfunction, since normalized shortening (regional shortening adjusted for global shortening) failed to detect an increased number of abnormally functioning segments (9 of 126, 7%, P=.22). Intrasegmental variance was also not different from normal. LV Mass, End-Diastolic Dimension, and Wall Thickness
The means for values indexed for BSA and for z scores of LV mass, end-diastolic dimension, and wall thickness for the one-stage ASO and two-stage ASO groups are shown in the Table. When considered as overall groups or when subdivided into early and late postoperative examinations, LV mass z score and enddiastolic dimension and wall thickness z scores were not different from normal, and no significant difference existed between one-stage ASO and two-stage ASO groups for mean values of LV mass, end-diastolic dimension, or wall thickness z scores. However, there was a trend toward lower early postoperative LV mass z scores in the one-stage ASO group, and there was a significant direct relation between LV mass z score and duration of postoperative follow-up in this group that was not noted in the two-stage ASO group. For both groups, there was a nonsignificant reduction in end-diastolic dimension on the early studies compared with late examinations but a significant rise in dimension over time by regression analysis. In the one-stage ASO group, wall thickness z score was stable over time, whereas in the two-stage group, the posterior wall thickness z score correlated inversely with follow-up. LV End-Systolic Wall Stress
Values of LV end-systolic wall stress and z scores are shown in the Table and Fig 1. In the one-stage ASO group, the end-systolic stress was within normal limits throughout the study period and was not significantly related to time since surgery. In the two-stage ASO group, LV end-systolic wall stress was also within the normal range and was not significantly different from the one-stage ASO group, but there was a direct correlation with time since surgery. LV Systolic Performance
In the one-stage ASO group, parameters of systolic function (FS, VCFC) and contractility (SVI, SSI) were within the normal range throughout the period of follow-up and were not influenced by time since ASO or age at follow-up (Figs 2 through 4) . The FPI, reflecting the preload status, was significantly below the normal range in the early postoperative period and increased toward the normal mean over the period of observation, as previously reported.' In the two-stage ASO group, parameters of systolic function (FS, VCFC), and contractility (SVI, SSI) were not different from normal when all echocardiographic examinations were considered together. However, when only studies that were performed more than 1 month after surgery were included, all indices were significantly decreased compared with normal and with the one-stage ASO group. When studies done beyond the early postoperative period 0.1±0.9 1 S-ASO indicates single-stage arterial switch operation; 2S-ASO, two-stage arterial switch operation; LVMi and LVMz, left ventricular mass indexed to body surface area (BSA)1 5 and z score with respect to BSA, respectively; EDDi and EDDz, left ventricular end-diastolic dimension indexed to BSA05 and z score with respect to BSA, respectively; EDhi and EDhz, left ventricular end-diastolic posterior wall thickness indexed to BSA05 and z score with respect to BSA, respectively; ESSz, end-systolic stress z score with respect to age; VCFcz, rate-corrected velocity of fiber shortening z score with respect to age; FSz, fractional shortening z score with respect to age; SVI, stress-velocity index; SSI, stress-shortening index; and FPI, functional preload index.
*Studies <1 mo after arterial switch; tstudies >4 mo after arterial switch. 
Determinants of LV Performance
To determine factors that might influence or be related to the functional outcome in patients who had undergone a rapid two-stage ASO, clinical parameters (hours of ventilation, hospital stay duration, number and duration of use of vasopressors and/or inotropic agents), hemodynamic data from catheterization performed before pulmonary artery banding and ASO (aortic and superior vena caval saturation, ratio of LV to RV pressure), the rate and magnitude of LV hypertrophy, and the ejection fraction before and after pulmonary artery banding were compared with the echocardiographic LV functional indices at late evaluation. None of the clinical parameters were found to be predictive of the late contractile status of the LV. However, parameters of LV performance at late follow-up (FS, VCFC, SVI, SSI) were significantly inversely correlated (P=.02, .004, .01, and .02, respectively) with the peak rate of LV hypertrophy after banding of the pulmonary artery, indicating that more rapid hypertrophy after banding was associated with poorer ventricular function and contractility at late evaluation (Fig 5) . These indices (FS, VCFC, SVI, SSI) were also significantly correlated in a direct manner to the LV:RV pressure ratio before ASO (P=.01, .006, .04, and .01, respectively), indicating that a more hypertensive LV after banding and before arterial switch operation was associated with reduced function and contractility at late follow-up. A direct relation was found between the minimum ejection fraction after banding of the pulmonary artery and indices of LV function (FS, P=.003; VCFC, P=.003) and contractility (SVI, P=.0004; SSI, P=.0001) at late evaluation (Fig 6) .
Discussion
The present study examined medium-term results of LV mechanics in a relatively homogeneous population of patients with TGA who had a rapid two-stage ASO in infancy, comparing the outcome with a similar group of patients after a neonatal one-stage ASO. We found that, compared with patients who had a primary neonatal ASO, significantly more patients in the two-stage ASO group had abnormal ventricular function and myocardial contractility when evaluated late after repair. Over the limited period of observation, no deterioration was observed with age or time since surgery beyond the immediate postoperative period. These findings are in accord with previous results published by other groups and tend to confirm that ventricular function may be adversely affected in some individuals by a two-stage approach compared with a primary ap- proach.513 We found that a higher rate of acquisition of ventricular mass after pulmonary artery banding was associated with myocardial dysfunction. A higher LV: RV pressure ratio before ASO and a lower ejection fraction after pulmonary artery banding were also found to be associated with lower ventricular contractility at late follow-up. Each of these variables would be anticipated to correlate with the severity of LV obstruction imposed by the pulmonary artery banding relative to the pressure load before banding, indicating that the severity of the acute pressure load is an important factor. As previously reported and further supported by these data, medium-term results indicate that ventricular function is preserved after an early one-stage ASO in patients with TGA with23 or without' a ventricular septal defect. This result, combined with favorable outcome in other respects, led to the acceptance of this procedure as the procedure of choice for patients presenting to our institution within the first weeks of life.1223 However, management of patients with TGA and intact ventricular septum or hemodynamically insignificant ventricular septal defect who do not have a primary ASO in the first weeks of life remains problematic. Since Yacoub et a124 introduced the two-stage ASO in 1977, numerous reports have looked at ventricular function after this surgical approach,5-8"13-'5 with conflicting results. This can be attributed in part to the heterogeneity within and between groups, methodological differences, and differences in duration of followup. Nevertheless, in these studies, later age at pulmonary artery banding and longer duration of the LV preparatory period were identified as factors that might adversely affect late LV function.5,8"3 On the basis of the observation that the myocardial hypertrophic response to acute pressure load in animals occurs rapidly, initiating within hours and reaching completion within days, our group questioned the need for a prolonged banding interval and reported that as little as 1 week of preparatory banding is sufficient to prepare the LV for a subsequent ASO.15 This approach attempts to minimize both of the factors that have been identified as risk factors for late dysfunction by performance of the pulmonary artery band and subsequent ASO as early in life as feasible and by reducing the duration of banding to the minimal time period possible. Factors Affecting Outcome Despite placement of the pulmonary artery band as early in life as possible and minimization of the duration of pulmonary artery banding, the acute imposition of a pressure load on the LV adversely affected myocardial function in some individuals. Because of the intrinsically greater age at surgery in the two-stage group, perinatal maturational changes may have contributed to the observed differences between the groups. In addition, chronic pressure overload myocardial hypertrophy is known to be associated with depressed ventricular function in animals and adult humans,25-29 although the mechanism is uncertain. The myocardium responds to a hemodynamic load by myocyte hypertrophy, although hyperplasia has been shown to occur in the first 3 to The rapidity and severity of the imposition of pressure overload are substantially less in animal models of pulmonary artery banding for the same reason, with "rapid" induction of pressure load effected by gradual rise in pulmonary artery pressure over a 2-week period. 54 The importance of the rapidity with which the pressure load is applied is supported by the correlations noted between myocardial dysfunction and both the rate of hypertrophy and the severity of acute postbanding dysfunction, limiting the applicability of results from animal studies to our results.
Study Limitations
Although the "tightness" of the pulmonary band may well represent an important factor with regard to the outcome in two-stage ASO, we were unable to assess this in a meaningful fashion. It should be noted that the surgical approach was similar to pulmonary artery banding in TGA as reported by others, with an attempt to acutely elevate pressure in the LV to approximately two thirds systemic level. 15 There was no intention to impose a greater acute pressure load to induce more rapid or extreme hypertrophy, but rather the duration of banding was reduced on the basis of the observation that hypertrophy occurs rapidly and longer observation is not needed. Invasive and noninvasive measurements of the pressure drop across the band were recorded after surgery, but because of the variable flow through the orifice and unknown distal pressure, these are unlikely to represent a meaningful measurement of the flow orifice. It will be important to determine whether the observed myocardial dysfunction in the two-stage ASO group is stable or progressive. We observed no evidence of progression, but only limited serial data are available on the two-stage ASO patients; therefore, our ability to evaluate this possibility is quite limited. Implications Some consideration must be given to the alternatives that are available for these patients. Although we prefer a primary neonatal ASO for all patients with TGA, the rationale for considering a two-stage approach to an ASO in some patients is based on the assumption that a primary ASO entails excessive risk. It is possible that more refined selection criteria for the single-stage repair would permit some of these individuals to avoid preparatory banding. However, the results of the present study indicate that the patients at highest risk for myocardial injury are those who experience the most rapid hypertrophic response and who have the most severely depressed function after banding, indicating that they have the least adequate hypertrophy at the time of banding. The overall incidence of myocardial dysfunction is therefore unlikely to be improved, since these individuals are least likely to be candidates for a single-stage repair. Although redirection of venous inflow (Senning or Mustard operation) is possible, it is not clear that mild impairment of contractility of a systemic LV is a worse outcome than the recognized high risk of progressive systemic RV dysfunction, tricuspid regurgitation, and an increased risk of arrhythmia associated with the atrial-level repairs. It is possible that protection of myocardial function can be improved through more gradual imposition of the LV pressure load by means of an adjustable band in patients with the least favorable preoperative interventricular pressure ratio. Finally, a less restrictive band might achieve a lower but still adequate level of "preparedness" of the LV. It should be noted that simply increasing the duration of banding is unlikely to affect outcome, since compensatory hypertrophy is essentially complete within 7 to 10 days of banding. Prolonged band placement associated with somatic growth after banding increases the relative severity of obstruction to LV outflow but prolongs the period of cyanosis, increases the risk of insufficiency of the neoaortic valve, and may complicate surgical repair because of scar tissue.
Conclusions
The rapid two-stage ASO is associated with a significant incidence of myocardial injury. Although the cause is not known, more rapid hypertrophy and more with late function and contractility. No progression was seen over a limited period of observation of up to 0.5 to 6 years. Continued long-term follow-up of patients after the rapid two-stage ASO is needed. In addition, methods to titrate the rate and magnitude of LV hypertrophy after pulmonary artery banding need to be considered, because extreme acute load appears to adversely affect late outcome.
